ARTICLE no direct rule of thumb can predict their lowest electronic configuration and comparisons within a given column of the periodic table show striking variations, i.e., for isovalent molecules. If one takes for instance the ground states in column IVa, the ordering is not obvious: TiCl (X 4 Φ), ZrCl (X 2 Δ), and HfCl (X 2 Δ). 5 In the description of the structure of these molecules by LFT, 7 a single d electron of the positive metal M þ is in the field of the halide M 2þ ,X À ion. This electron, in a polarizable orbital, is shifted away from the anion in an orbital, which comprises an admixture of higher energy atomic orbitals. In LFT for diatomics (nonshielding) s-orbitals are strongly stabilized relative to (strongly shielding) d-orbitals. The ground state of Zr þ is d 2 ( 3 F)s 4 F, but the lowest ds 2 2 D state lies ∼4300 cm À1 higher. In other terms, F À sees a quasi Zr 3þ ion unshielded by the ds 2 orbitals. LFT will stabilize ds 2 relative to d 2 s, but it will also strongly split the d 2 s configuration favoring d δ orbitals. In ZrCl, the splitting of d 2 s has been overtaken by the relative stabilization of ds 2 , while the opposite is true for the other metal chlorides.
INTRODUCTION
Transition metal ions are at the heart of the properties of many essential biomolecules such as the Heme family. This stems from their open d shell electronic structure, which allows these atoms to accept or donate electrons, thus placing them at the center of the molecular machinery. Among the simplest of the molecules binding a transition metal, are the diatomic radicals formed with halogen atoms. These are ionic molecules Metal þ , Halide À . Their degree of ionicity is strongly dependent upon their position along their column in the periodic table. Siegbahn 6 has studied the second-row transition metal compounds and shown that the first columns on the leftside of the periodic table are the most ionic. Also fluoride compounds are more ionic than the corresponding chlorides. Many experimental and theoretical studies have dealt with the electronic structure of these halides and, owing to the complex electronic structure of the transition metal ion, there are many low lying electronic states. These can, however, be categorized into high and low spin states depending upon the occupancy of the d orbitals, since the energies of the nd and (nþ1)s orbitals are similar. For the early transition metals, the high spin states correspond to the highest occupancy of the nd orbitals.
The description of the electronic structure of transition metal diatomic compounds and notably the halides is challenging since ABSTRACT: The spectroscopy of the ZrF radical, produced by a laser ablationÀmolecular beam experimental setup, has been investigated for the first time using a two-color twophoton (1 þ 1 0 ) REMPI scheme and time-of-flight (TOF) mass spectrometry detection. The region of intense bands 400À470 nm has been studied, based upon the first spectroscopic observations of the isovalent ZrCl radical by Carroll and Daly. 1 The overall spectrum observed is complex. However, simultaneous and individual ion detection of the five naturally occurring isotopologues of ZrF has provided a crucial means of identifying band origins and characterization via the isotopic shift, δ iso , of the numerous vibronic transitions recorded. Hence, five (0À0) transitions, of which only two were free of overlap with other transitions, have been identified. The most intense (0À0) transition at 23113 cm À1 presented an unambiguously characteristic RQP rotational structure. From rotational contour simulations of the observed spectra, the nature of the ground electronic state is found to be unambiguously of 2 Δ symmetry, leading to the assignment of this band as (0À0) 2 Δ r X 2 Δ at 23113 cm À1 . A set of transitions (1À0) 2 Δ r X 2 Δ at 22105 cm À1 and (2À0) 2 Φ r X 2 Δ at 22944 cm À1 involving the X 2 Δ state has also been identified and analyzed. Furthermore, a second series of transitions with lesser intensity has also been related to the long-lived metastable 4 Σ À state: (3À0) 4 Π À1/2 r 4 Σ À at 21801 cm À1 , (2À0) 4 Π À1/2 r 4 Σ À at 21285 cm À1 and (2À0) 4 Σ À r 4 Σ À at 23568 cm À1 . These spectroscopic assignments are supported by MRCI ab initio calculations, performed using the MOLPRO quantum chemistry package, and show that the lowlying excited states of the ZrF radical are the 4 Σ À and 4 Φ states lying at 2383 and 4179 cm À1 respectively above the ground X 2 Δ state. The difference in the nature of ground state and ordering of the first electronic states with TiF (X 4 Φ) 2À4 and ZrCl, 5 respectively, is examined in terms of the ligand field theory (LFT) 7 applied to diatomic molecules. These results give a precise description of the electronic structure of the low lying electronic states of the ZrF transition metal radical.
EXPERIMENTAL SECTION
The radicals formed by laser ablation are detected by REMPI ionization in a time-of-flight (TOF) mass spectrometer within a similar experimental scheme described elsewhere. 10, 11 2.1. Beam Source and Laser Ablation. A laser ablationÀ molecular beam experimental setup is used to carry out the spectroscopy of supersonically cooled ZrF radicals. It consists of a source and an interaction chamber separated by a 2 mm diameter skimmer. The ablation source is composed of a 10 Hz pulsed piezoelectric valve 12 (Polytec Physik Instrumente), a nozzle (ϕ = 0.5 mm) and a channel (10 mm long and ϕ = 1.0 mm) as shown in Figure 1 . ZrF radicals are produced by reacting hot Zr atoms with a mixture of 2% CH 3 F molecules seeded in He as carrier gas. 11 The gas mixture, kept at a stagnation pressure P 0 = 2 bar, is pre-expanded in the channel, as 532 nm radiation (∼ 5 mJ of energy per pulse) from a Nd:YAG laser (Quantel) is focused on a slowly rotating Zr rod (Goodfellow: 99.8% purity), to ablate zirconium atoms in the Smalley configuration. 13 The radicals are then cooled in the supersonic expansion.
Timing.
A key feature of the ablation method is the precise timing of all pulsed apparatuses: the ablation laser, the pulsed piezoelectric valve, and the ionization laser. This is essential in optimizing the intensity of the radical or of the metal and their cooling. The ablation laser must fire at a time close to the maximum of the gas pulse in the channel. Then the metal and radical plume within the pulse will travel to the zone between the extracting plates of a WileyÀMcLaren 14 TOF mass spectrometer, where the excitation and ionization lasers will be fired.
The timing is precise to 50 μs for the valve opening, while the time separation of the ablation and ionization laser pulses should be adjusted to better than 1 μs, corresponding to the duration of the metallic cloud after expansion all the way from the ablation source to the ionization region. This timing was achieved using a pulse generator operated with a LabView program and constructed at ISMO (Institut des Sciences Mol eculaires, CNRS, Orsay), by Ch. Charri ere.
2.3. (1 þ 1 0 ) REMPI Spectroscopy and TOF Detection. The freely expanding supersonic jet is skimmed ∼10 cm downstream of the laser ablation source. The molecular beam is then crossed by the pump and probe dye lasers in between the extracting plates of the TOF mass spectrometer. ZrF radicals are excited and ionized following a two-color two-photon (1 þ 1 0 ) REMPI scheme: the pump tunable dye laser is set at 6 ns prior to the ionizing laser so as to excite ZrF radicals in the 420 nm region prior to ionization. The ion signals of the five most abundant naturally occurring isotopes of ZrF are separately resolved and simultaneously recorded by measuring their times of arrival on the microchannel plate detectors. The dyes, LD390, S420, C440, and C460 were used to scan the 400À470 nm spectral region (3.1À2.6 eV). Frequency doubling of a R6G dye laser at 570 nm is used to obtain 285 nm radiation (4.35 eV) for the probe laser. This wavelength was selected to provide sufficient energy to ionize excited ZrF radicals, given the ionization potential of 6.5 ( 0.5 eV 15 The Journal of Physical Chemistry A ARTICLE for ZrF. The pump and probe lasers, with perpendicular polarizations, cross at a small 5°angle on the molecular beam. Since the probe is delayed in time, this configuration will minimize the J dependent polarization effects. Calibration of the REMPI spectrum was carried out by recording the optogalvanic spectrum of a hollow cathode Ne lamp. 16, 17 The resolution of the two pump dye laser is estimated to be about 0.1 cm À1 (Lambda Physik LPD3000).
RESULTS AND ANALYSIS
As mentioned, in the previous section, a (1 þ 1 0 ) REMPI spectroscopy of the ZrF radical has been carried out. In this study, TOF mass spectrometry allows simultaneous detection of the five naturally occurring ZrF þ isotopologues as shown in Figure 2 . The pump laser excites rovibrational levels of the supersonically cooled ZrF radicals in the molecular beam before ionization by the probe laser. We expect the transitions, following absorption of the pump laser, to originate from the ground electronic state of ZrF. Also, in this REMPI scheme, it is possible to detect transitions from sufficiently long-lived metastable states that do not relax to the ground state within 200 μs, for instance the 4 Σ À state. The intensity of these metastables is of course lower, since they can further react in the expansion with methyl fluoride. 11 The intense spectral region 400À470 nm was scanned to detect origin band transitions. Our initial estimates were based on the previous studies of Caroll and Daly who initially observed intense bands in this region (A, B and C) 1 for the isovalent ZrCl radical in 1961. Using laser induced fluorescence, Ram and coworkers 5 investigated this region and assigned the ground state of ZrCl to X 2 Δ supported by ab initio calculations. Given the natural isotopic distribution and relative abundances of the zirconium isotopes, the fluorescence detection of ZrCl provided no means of collecting the signals of each isotopologue separately. The simultaneous detection of the ZrF isotopologues using TOF mass spectrometry is indeed of great help to characterize transitions vibrationally, based on the isotopic shift, δ iso , of the band, as will be discussed in this section.
Here, the mass peaks of the ZrF þ isotopologues are each integrated separately, and the resulting intensities are plotted against the wavelength of the laser. Therefore, the simultaneous variation of the ion signal of each isotopologue is obtained separately as a function of the pump laser wavelength. The overall spectrum obtained after scanning the pump laser is complex, as shown in Figure 3 . Numerous bands of ZrF were observed in the spectral region 400À470 nm. Several broad features were observed, and these could not be resolved at higher scanning resolution (0.1 cm À1 ), with an etalon. In addition, a number of isolated transitions have been observed and, at higher resolution, the rotational features as well as the isotopic shift are revealed, as can be seen in Figure 4 .
3.1. The Isotopic Shift. In the harmonic approximation for a classical oscillator, the vibrational frequency ν osc is given by ν osc = (1/2π)(k/μ) 1/2 , where k is the force constant. The force constant depends only on the potential, and is exactly the same for the different isotopic molecules, which, however, differ by their reduced mass μ. So, if the superscript i denotes an isotopically defined radical (e.g., the most abundant 90 ZrF), the vibrational frequencies are related by eq 1:
As long as F ≈ 1, which is the square root of the ratio of the reduced masses, a first order approximation of the isotopic shift for an anharmonic oscillator 18 is given by eq 2, where ΔGvþ1/2 is the reference isotope vibrational level frequency separation.
From eq 2, it can be found that for a 0À0 band, the isotopic shift Δν is equal to zero. Assuming a vibrational frequency of Figure 3 . Overall spectrum of ZrF between 420 and 470 nm with the signal of 90 ZrF þ and 94 ZrF þ isotopologues resolved separately. On this scale, the isotopic shifts are not perceptible but are revealed in Figure 4 and these shifts for each band labeled from A to W are summarized in Table 1. 676 cm À1 for the ground state from our ab initio calculations and 500 cm À1 for the excited state, we performed a simulation of the isotopic shifts as a function of the vibrational quantum number of the upper state. This simulation is shown in Figure 5 . The present values show a good agreement with the observed shifts averaged over all observed transitions (shown as full circles for the largest isotopic shift, i.e., the 96 ZrF isoptologue).
On the whole, these shifts match those observed experimentally for numerous bands. However, as will be discussed in Section 5, no vibrational progressions in the experimental spectrum have been found as per FranckÀCondon simulations that we performed for the different transitions assigned except for the transitions [21.3] 4 Π À1/2 r 4 Σ À and [21.8] 4 Π À1/2 r 4 Σ À .
3.2. Vibrational Analysis. The vibrational analysis has been performed as explained in Section 3.1 and gathered in Table 1 . The results can be summarized as follows:
1 In the spectral region 400À470 nm, five 0À0 transitions have been found. From these five transitions, only two were sufficiently intense to be scanned at higher resolution. The most intense transition, at 23113 cm À1 , presented a characteristic RQP rotational structure. The signal for the second most intense 0À0 transition identified at 22345 cm À1 showed some overlapping with a non 0À0 transition. 2 With an isotopic shift δ iso = À2.8 cm À1 between 90 ZrF and 96 ZrF, the transition at 22335 cm À1 is the only hot band detected in the observed range. The δ iso for this transition is consistent with our simulations for a δv = À1 transition. This indicates that most of the population is in the v 00 = 0 level for the ZrF radicals in the molecular beam. 3 The remaining bands observed have a δ iso > 0. From this analysis, the intense 0À0 transition at 23113 cm À1 is assumed to involve the ground electronic state of ZrF. However, most of the transitions with v 0 > 0 observed in this frequency region have band origins outside the domain studied, i.e., further to the red, thus do not pertain the electronic states described here. Also, the ZrF radicals are supersonically cooled and are expected to undergo relaxation of their internal degrees of freedom to the ground state.
Band-Shape Analysis: Possible Electronic Transitions.
Among all assigned 0À0 transition, the band at 23113 cm À1 is the most intense. Figure 6a shows this transition at higher resolution (0.1 cm À1 ) than Figure 3 . This spectrum exhibits a simple rotational RQP structure with a band head in the R-branch, indicating a smaller rotational constant B 0 for the upper electronic state than B 00 for the lower electronic state. The Q lines are congested and form a broad band. Only the P-branch is well resolved and has allowed a rotational assignment, although not sufficient to resolve the Λ-doubling. Due to the limited extent of the P-branch, one can conclude that this spectrum is quite cold; only few rotational levels up to J = 14.5 are populated. The choice of using the 94 ZrF isotopologue spectrum in Figure 6a as reference has been made because it is free of contamination from 96 ZrO signals, which also has intense bands in this region.
We have taken as a starting point the ab initio calculations that have assigned the ground state of ZrF as 2 Δ and the first excited electronic state as 4 Σ À , 2383 cm À1 above the ground state. As the electronic relaxation from the quartet excited state to the ground doublet state is likely to be extremely inefficient and the radiative lifetime of the quartet state very long, the 4 Σ À state will survive from the ablation region up to the observation region, i.e., for ∼120 μs. Electronic selection rules allow five transitions from these two low-lying states: 2 Φ r 2 Δ, 2 Δ r 2 Δ, 2 Π r 2 Δ, 4 Σ À r 4 Σ À , 4 Π r 4 Σ À . Each of the intense transitions observed in Figure 3 should be related to one of these five allowed transitions. There should thus be five classes of major vibrational progressions in this spectrum. The Journal of Physical Chemistry A ARTICLE For each of these electronic transitions, the appearance of the rotational structure is different. For 4 Σ À r 4 Σ À transitions, one expects only R-and P-branches with approximately similar intensities. For all other transitions the R-, Q-and P-branches have different intensities. For 2 Φ r 2 Δ and 4 Π r 4 Σ À transitions, the R-branch will be stronger than the P-branch but the rotational profile of a 4 Π r 4 Σ À transition will be more complex due to the high number of spin components involved in this transition since the 4 Σ À state is 4-fold degenerate. The 2 Δ r 2 Δ transition will have its R-branch approximately as intense as its P-branch and a very weak Q-branch. The 2 Π r 2 Δ transition will have an R-branch weaker than its P-branch and a very strong Q-branch.
3.4. Spectroscopic Assignment of the 0À0 Transition at 23113 cm À1 . In this respect, the most intense 0À0 band at Figure 5 . Simulated isotopic shifts assuming a vibrational frequency of 500 cm À1 for the excited electronic state and 676 cm À1 for the ground state. The simulation shows an isotopic shift δ iso = 0 for a 0À0 transition. The experimental points averaged over all observed states are represented by full circles for the 96 ZrF isotopologue. Table 1 . Isotopic Shift Analysis of the Bands Observed in the Region 420 to 470 nm as Shown in Figure 3 a label origin δ iso (cm À1 ) v 0 r v 00 label origin δ iso (cm À1 ) v 0 r v 00 a δ iso is the isotopic shift observed between the naturally most abundant 90 ZrF and 96 ZrF. The uncertainty of measurement in the origins and shifts is on the order of 0.1 cm À1 . The maximum in the Q-branch, wherever possible, is used as a feature to determine the origin of the band as indicated in Figure 4 . The Journal of Physical Chemistry A ARTICLE 23113 cm À1 has well-defined RQP branches. This excludes the 4 Σ À r 4 Σ À transition with only P-and R-branches. It also excludes 4 Π r 4 Σ À transitions, which possess a complex structure, as mentioned above. The different other rotational profiles have been simulated in Figure 6 for the three remaining allowed transitions from the ground X 2 Δ state. Comparing the simulated rotational contour with the observed spectra, the best agreement is for the 2 Δ r 2 Δ transition. The present simulations have been performed with the same set of parameters for the ground state, and the rotational population distribution is set as T rot = 20 K (with a smaller higher temperature component, see below). Careful examination revealed no companion bands at ∼100 cm À1 lower frequencies. Relaxation within fine structure components is thus inferred from the observations. The 2 Δ state may belong to Hund's case (a) or (b) or an intermediate description. The spin orbit parameter of the ground state of ZrF is unknown, but one can predict that it should be similar to that of other Zr halides ZrCl (A( 4 Π) = 170 cm À1 ), ZrBr (A = 230 cm À1 ), and ZrI (A = 285 cm À1 ). 19 These systems are well described by Hund's case (a). We have thus considered that the transition 2 Δ r 2 Δ is well described by Hund's case (a). When both states of a 2 Δ r 2 Δ transition belong to Hund's case (a), the selection rule ΔΣ = 0 holds, then the band splits into two sub bands 2 Δ 3/2 r 2 Δ 3/2 and 2 Δ 5/2 r 2 Δ 5/2 and each of these sub-bands should have a similar structure with six branches, i.e., 2P, 2R and 2Q. The latter Q-branches are weaker, and the splitting due to Λ-doubling in the P-and R-branches is experimentally unresolved. Hence we should have two sub-bands composed of P-and R-branches and weaker Q-branches. The splitting between the two sub-bands is related to twice the difference in spin orbit constants of the upper and lower electronic states. Both constants are likely to be positive, but unlikely to be the same. The splitting of the sub-bands is likely to be small ∼60 cm À1 . However no spin doubled transitions were observed, despite thorough searches. This is consistent with the hypothesis that nearly complete spin relaxation in the ground state has occurred with CH 3 F (mainly), and we shall only consider 
The Journal of Physical Chemistry A ARTICLE transitions from the lower spin orbit component of the ground electronic state 2 Δ 3/2 . The measured P lines and the position of the Q head (see Table 2 ) were fitted to the eigenvalues of the appropriate 2 Δ model Hamiltonian, using a weighted nonlinear least-squares procedure. The upper and lower state constants are highly correlated, and to our knowledge there are no available data for ZrF in the microwave or infrared ranges, which would allow an independent determination of the ground state rotational parameters. As mentioned previously, here only the 2 Δ 3/2 r 2 Δ 3/2 transition is observed, thus in the absence of any information on spin orbit parameters, we have approximated the spin orbit parameter of the ground and excited state to the atomic spin orbit value 20 of Zr þ A 00 = 363 cm À1 and A 0 = 180 cm À1 in comparison with ZrCl, 5 respectively. The spin orbit of F À is equal to zero. We assume a regular spin orbit coupling for the upper and lower electronic states. Then the least-squares fit determines the rotational parameter of the higher electronic state, B 0 = 0.2723 ( 0.01 cm À1 and of the ground electronic state X 2 Δ B 00 = 0.3006 ( 0.01 cm À1 . The rotational parameter of the ground state agrees with the calculated value B 00 = 0.3031 cm À1 (see Table 3 ). In our observed spectrum, the limited excitation levels precludes a precise determination of the centrifugal distortion constants, i.e., D 0 and D 00 . Also, because of the limited experimental resolution (0.1 cm À1 ), the Λ-doubling constants (γ, p, and q) have been set to zero. The reduced Hamiltonian H is shown in Table 4 .
The set of rotational parameters shown in Table 5 has been used to simulate the rotational contour profile in Figure 7 . The relative intensity of the R-branch and the Q-branch depend on the rotational population distribution. The best fit of the intensities is obtained with T rot = 20 K and this is a sensitive parameter. In addition, it is clear from Figure 7 that there are rotational transitions that belong to higher J levels. This incomplete cooling behavior is commonly observed in supersonic The Journal of Physical Chemistry A ARTICLE molecular beams where a single rotational temperature is not usually achieved. The observed spectra are thus simulated by a superposition of two rotational populations, i.e., the major cold rotational distribution with T rot = 20 K and a less important population (1/2 coefficient) at a higher rotational temperature T rot = 300 K, as shown in Figure 7 . This latter contribution is due to late post expansion reactive collisions. 3.5. Transition from the Metastable a 4 Σ À State. As previously mentioned, the a 4 Σ À state is a long-lived state, and it is possible to observe electronic transitions from this metastable state to electronic states of 4 Σ À and 4 Π symmetry. It is easy to observe that the Q-branch is absent from the band situated at 23568 cm À1 . Thus, this band is assigned to a 4 Σ À r 4 Σ À transition. This transition is expected to have 24 branches, but in practice only four R-branches R 11 ff , R 22 ee , R 33 ff , and R 44 ee and four P-branches P 11 ff , P 22 ee , P 33 ff , and P 44 ee are intense; the intensities of the other components fall off very rapidly with increasing rotational angular momentum N. Our laser resolution is not sufficient to resolve all the main branches. At 23566 cm À1 , one can observe in Figure 8 a broad band with four partially resolved peaks, assigned to the heads of the four R-branches. At lower frequencies, at least two components of the P-branches are clearly observed and could be assigned. We have fitted the four R-branch band heads and the P 11 ff and P 22 ee lines up to J = 11.5 with an appropriate 4 Σ Hamiltonian using a nonlinear least-squares procedure. The Hamiltonian model is the same as that used by Huber and Vervloet. 21 This reduced Hamiltonian H is block diagonal for the e and f levels as shown in Table 6 .
The molecular parameters obtained through this procedure are listed in Table 7 . Again the upper and lower state are highly correlated in the fit, since no infrared or microwave data are available to independently determine the molecular parameters of the a 4 Σ À state. Thus we have fixed arbitrarily in the least-squares procedure, the parameters of the lower state to their calculated values. For the spin-rotation parameter we can only determine the difference Δγ = 0.0825 cm À1 . The value of γ in the ground state has been fixed to the value obtained by Adam and co-workers 22 of 0.17145 cm À1 for HfF. Due to lack of resolution in the observed spectra, the spinÀspin interaction parameter λ v has been set to 0. Shown in Figure 8 is the comparison between the observed and calculated 4 Σ À r a 4 Σ À transition.
Also, the transitions at 21285 cm À1 and 21801 cm À1 look similar as shown in Figure 9 and could be simulated as 4 Π À r a 4 Σ À transitions.
In summary, we have collected rotationally resolved data for 17 transitions in the spectrum shown in Figure 3 . Several of these 0À0 and non 0À0 transitions show well-resolved rotational features. In an attempt to explain the complexity of Figure 3 , we simulated and identified the most intense resolved transitions before tracking any vibrational progressions. On the basis of the same approach, three transitions originating from the X 2 Δ and three more transitions originating from the first low-lying a 4 Σ À have been identified. The 0À0 transition at 23113 cm À1 is of 2 Δ r 2 Δ symmetry, and in addition, a second transition of the same type has been identified at 22105 cm À1 . The third one at 22944 cm À1 has an upper state of 2 Φ symmetry. The transition at 23568 cm À1 could be simulated as shown in Figure 8 as a 4 Σ À r 4 Σ À transition. Indeed, the transitions at 21285 cm À1 and 21801 cm À1 look similar to those shown in Figure 9 and could be simulated as 4 Π r 4 Σ À transitions. All of these assigned transitions are summarized in Table 8 .
THEORETICAL RESULTS
4.1. Methods of Calculation. All calculations carried out in this work have been performed with the program MOLPRO 23 running on the HP-XC 4000 cluster of the ULB/VUB computing Table 7 . Molecular Parameters (cm À1 ) of the Band at 23568 cm À1 , Assigned to a 4 Σ À r a 4 Σ À 2À0 Transition, for 90 ZrF
25957.7 ( 0.09 0.2518 ( 0.002 0.08895 c a Calculated value, see Table 3 . b From Adam and co-workers. 22 c See text. Figure 9 . Comparison between the bands at 21285 cm À1 and 21801 cm À1 . These two transitions belong to the same progression of the 4 Π r a 4 Σ À band system. 
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The Journal of Physical Chemistry A ARTICLE center, using the internally Contracted Multi-Reference Configuration Interaction method (IC-MRCI) 24, 25 with explicit correlation of all valence electrons. The CASSCF active space is defined by the four σ, two π, and one δ molecular orbitals (MO) correlating to the 5s and 4d orbitals of Zr and the 2s and 2p orbitals of the F atom. The size of the IC-MRCI wave functions is about 1.2 millions of contracted configuration state functions. All energies are corrected for unlinked quadruple excitations 26 and are denoted below as IC-MRCIþQ. The state-averaging CASSCF procedure has been adopted for ensuring C ¥v 2-fold degeneracy and for calculating the highest excited states of given orbit and spin symmetry. The zirconium atom is described by the quasirelativistic WoodÀBoring pseudopotential with 28 core electrons and by the corresponding valence basis set from the Stuttgart library 27 augmented by 3f and 2g Gaussian primitives playing the role of polarization functions. 28 The aug-cc-pVTZ correlation consistent basis set 29, 30 is used for the fluorine atom. The equilibrium geometry of the three low-lying states were determined at the IC-MRCIþQ level of theory using the numerical quadratic steepest descent algorithm implemented in MOLPRO. 31 The analysis of the IC-MRCI wave functions are obtained from the Mulliken population analysis of the corresponding natural orbitals. Note that test calculations not presented here (a full account will be given in a forthcoming paper) were performed on Zr, Zr þ , and ZrF using larger active spaces also including MOs arising from the 4s and/or 4p orbitals of Zr. These tests show that such extensions, leading to the introduction of coreÀvalence correlation effects at high computational costs, are not needed for obtaining a correct description of the low-lying electronic structure of ZrF. They revealed, however, that particular attention had to be paid to the ordering of MO's at the borderline between core and active MO's. Alternative CASSCF solutions may indeed be obtained, resulting in artifactual changes in the relative MRCI stabilities of the low-lying states. All results presented in this paper are free of such artifacts.
Ab Initio Characterization of the Ground State of ZrF.
The three low-lying electronic states of ZrF have been characterized using the theoretical approach described above. As in the case of the isovalent chloride, ZrCl, studied in a previous work using similar IC-MRCI calculations, 5 these states are identified to be of 2 Δ, 4 Σ À , and 4 Φ electronic symmetries. The spectroscopic properties are given in Table 3 , where also reported are the internuclear equilibrium distances (R e ), the harmonic vibrational frequencies (ω e ), the adiabatic term energies (T e ), and the corresponding T 0 values, corrected for the zero point energy calculated within the harmonic approximation, the permanent electric dipole moment (μ e ), and its derivative calculated at equilibrium geometry. Table 3 also provides information arising from the analysis of the IC-MRCI wave functions: the main electronic configuration and its weight in percent, and the results of the gross Mulliken population analysis applied to the IC-MRCI natural orbitals.
The only theoretical results available in the literature on ZrF (ACPF calculations by Siegbahn 6 and B3LYP calculations by Cheng and co-workers 8 ) are also reported in Table 3 . They only concern the 2 Δ state, and our calculations agree with both authors on the fact that this state is the lowest of the spin doublet manifold of ZrF. Our calculations also characterize for the first time the low-lying quartet states, leading to a firm prediction that the 2 Δ state is actually the ground electronic state of this Zr halide. The predicted energy scale is another important result. It shows that, contrary to ZrCl, the 4 Σ À state lies below the 4 Φ state and also that the energy separation between the three low-lying states is significantly larger than in the case of ZrCl (T 0 values of 616 and 963 cm À1 for the 4 Φ and 4 Σ À states, respectively). These findings will be interpreted below in conjunction with LFT.
Ab Initio Investigation of Higher Excited States of ZrF.
Extending the ab initio IC-MRCI calculations of the previous subsection up to about 25 000 cm À1 in order to assign the final states of the observed transitions is a major challenge. As shown in the theoretical study of ZrCl, 5 the density of electronic states grows rapidly with excitation energy. Numerous states arising from different open-shell configurations are coming close together with, as a result, the emergence of profound state mixing, which severely complicates the convergence of the CASSCF and IC-MRCI calculations. As demonstrated in a joint experimental and theoretical work on WO, 32 it is nevertheless possible to identify configurations and symmetries of the excited electronic states lying in a given energy window for the purpose of tentative assignments of the observed transitions.
Exploratory IC-MRCI calculations performed at vertical excitation from the ground state equilibrium geometry provide an energy ordering of the main electronic configurations of ZrF, together with a tentative energy scale for some states that arise from these configurations. These results are reported in Table 9 for states of the different symmetries. The higher states of each considered symmetry (4 2 Δ, 3 2 Φ, 2 2 Γ, 3 2 Σ þ and 3 4 Σ À states) 
Approximate energy windows to be used in tentative assignments of the originating states of the observed transitions (see Section 5.3). c Energy with respect to X 2 Δ. d Energy with respect to a 4 Σ À . The Journal of Physical Chemistry A ARTICLE are located in energy windows that make them possible candidates for the final states of the observed transitions.
DISCUSSION
When examining the low resolution spectrum in Figure 3 , one is struck by the complexity of this spectrum of a supersonically cooled diatomic molecule. We shall endeavor to analyze this complexity in terms of several overlapping electronic transitions and vibrational transitions. However, the vibrational and rotational temperatures will be sufficiently low (T rot = 20 K and T vib = 150 K) to limit the number of available vibronic transitions to those originating from v 00 = 0. In addition, although we have spin multiplets, doublets, and quartets, we shall assume that electronic spin relaxation is efficient by collisions in the jet within a multiplet, especially in collisions with CH 3 F. This relies on the example of aluminum, where the fine structure states (3s 2 3p 2 ) P 3/2 efficiently relax by collisions to (3s 2 3p 2 ) P 1/2 in supersonic beams. 33 5.1. The Ground Electronic State of ZrF. Among the bands observed in Figure 3 , five can be assigned to electronic origins (see Table 1 ); one could be analyzed and assigned to a 2 Δ r 2 Δ, 0À0 transition. This band shows from its rotational analysis a small, 0.1 Å geometry difference between ground and excited states and, as appears in the FranckÀCondon calculations (Figure 11b ), most of the intensity is concentrated in the 0À0 and 0À1 bands. The band head of the 2 Δ r 2 Δ 0À0 transition is the most intense isolated band in the spectrum and can reasonably be associated with a transition from the ground electronic state, thus of 2 Δ electronic symmetry, in agreement with our ab initio calculations. A tentative assignment of the 4 2 Δ state, as the final state of this transition can also be made according to the ab initio calculations.
The 4 Σ À state characterized by our calculations as the first excited state has also been identified unambiguously in rotationally resolved bands and is less intense by a factor of ∼2. It is likely a metastable state, which is unable to radiate to the ground electronic state by symmetry and multiplicity. In addition, the temperature of ZrF in this state is substantially higher (50 K), suggesting that the molecules are more efficiently quenched to the ground state than rotationally relaxed. On the other hand, calculations have shown that the next higher electronic state is of 4 Φ electronic symmetry. This state can be collisionally relaxed into the lower 4 Σ À , and this is in agreement with the fact that we have not experimentally observed transitions originating from a 4 Φ state.
As pointed out in Section 4, ZrF has a different ordering of the lowest electronic states when compared with ZrCl, 5 in which case the 4 Φ is the lowest of the quartet states instead of the 4 Σ À .
The electronic structure of the ZrCl radical has been discussed in detail by Ram and co-workers, 5 who carried out a comparison between the second column of transition metal diatomic chlorides TiCl, ZrCl, and HfCl. The relative ordering of the low-lying electronic states of these halides has been analyzed using LFT applied to diatomic molecules. 7 These molecules are ionic (M þ Cl À ), and the valence electron of M þ is embedded in the field of (M 2þ Cl À ). The MOs correlate to those of the ion pair (M þ Cl À ). The configurations of the metal ion involved are (n þ 1)s nd 2 , (n þ 1)s 2 nd, and nd 3 . Along the sequence Ti þ f Zr þ f Hf þ , sd 2 and d 3 configurations become increasingly destabilized, while the s 2 d configuration is more strongly stabilized. Molecular electronic states correlate with these metal ion configurations, and it was shown 5 that the X 2 Δ ground state results from mixing of three configurations of the metal ion 5s 4d 2 , 5s 2 4d, and 4d 3 , with the greatest weight for 5s 4d 2 and 5s 2 4d configurations. LFT will stabilize the 4d 5s 2 configuration (owing to its unshielding effect on an apparent Zr 3þ core of the two 5s 2 electrons), relative to 4d 2 5s, but it will also strongly split this 4d 2 5s configuration. In TiCl, the splitting of 3d 2 4s is not overwhelmed by the relative stabilization of 3d 4s 2 , since the average energy of the latter configuration lies too high (∼25000 cm À1 ). Indeed, in Figure 5 of ref 5, the average energy of the configurations is plotted for Ti þ , Zr þ , and Hf þ . This energy is obtained by averaging the energies of all the electronic states with the same orbitals. In ZrCl, this average configuration energy drops to ∼14500 cm À1 . However, there, the 4d 2 5s stabilization seems to be still dominant. Since the ionic character of the bond is greater in ZrF than in ZrCl, owing to a shorter R e by 0.3 Å and a greater electronegativity of the fluorine atom, one can understand that the ground electronic state will be a 2 Δ state. Figure 10 . Relative energies of the electronic states (bold colored lines with labels A, V, Y, J, N, and U) rotationally analyzed in the 400 to 470 nm region.The doublet states are on the left and quartet states on the right. Transitions from the 4 Σ À state are translated upward in energy by þ2368 cm À1 , which corresponds to the calculated energy difference with respect to the ground state X 2 Δ (see text Section 4). The relative positions of spinÀorbit components of these states are drawn in dotted lines with the same color code. On this diagram, it can be seen that components having the same Ω (double headed arrow) are within <500 cm À1 , indicating the possibility of spinÀorbit interaction (see Section 5.2). The Journal of Physical Chemistry A ARTICLE In this view, the field induced on the LFT electron by (Zr 2þ F À ) is stronger than that of (Zr 2þ Cl À ) and should then influence the ordering of quartet states. The splitting of d orbitals in the ligand field stabilizes them in the order d δ < d π < d σ , since the latter encounters the highest on-axis electronÀelectron repulsion. With a d δ 2 occupancy for the 4 Σ À state, there is some electron repulsion between the two δ electrons. This repulsion is lesser for a d δ d π occupancy ( 4 Φ); however, this effect will be overcome by the increased stabilization of d δ 2 ( 4 Σ À ) occupancy. Here also the effect of the high ligand field in (Zr 2þ F À ) is to stabilize the 4 Σ À state.
These qualitative findings provided by LFT about the states ordering are strictly confirmed by our high level ab initio calculations. The major differences in the low-lying electronic structures of the Zr halides can be further interpreted by applying to ZrF the natural orbital Mulliken analysis of the IC-MRCI wave functions. 5 The charge distribution on Zr þ in a given state of a ZrX halide can be approximated by the following two-configuration mixed wave functions:
where n and m refer to the s and d atomic populations, respectively (see Table 3 for ZrF and The squares of the normalized mixing coefficients a to e correspond to the relative weights in percents of the considered Zr þ configurations in a given ZrX (X = F or Cl) state. The values of these weights are (a 2 ,b 2 ) = (55%, 45%) and (41%, 59%) for ZrCl and ZrF, respectively; (c 2 ,d 2 ) = (44%, 56%) and (86%, 14%) for ZrCl and ZrF, respectively; and (e 2 ,f 2 ) = (80%, 20%) and (84%, 16%) for ZrCl and ZrF, respectively.
The changes in the relative stability of the low lying states of both halides can then be interpreted in terms of the relative average energies of the Zr þ configurations 5 and thus, their combined influence on the resulting states; s 2 d is more stable by about 4600 and 8100 cm À1 than d 3 and sd 2 , respectively. The following trends characterize the change from ZrCl to ZrF:
(i) The 2 Δ state is stabilized by admixture of a greater s 2 d contribution; (ii) The 4 Φ state is significantly destabilized by enhancement of sd 2 ; and (iii) The 4 Σ À state keeps about the same configuration mixture and consequently about the same energy. These observations agree perfectly with the LFT interpretation based on the s 2 unshielding effect of the ionic Zr core and d orbital splitting. The above discussion explains two major results of the present experimental and theoretical work: the energy reordering and the larger energy separation in the low-lying states manifold of ZrF.
Excited Vibronic
States of ZrF in the 400À470 nm and Perturbations. Five electronic origins have been identified between 400 and 470 nm. From these origins it was not possible to construct vibrational progressions using a frequency in the range of 500À600 cm À1 . In addition, five vibronic bands have been rotationally analyzed, out of which two belong to the same progression (see Figure 10 ). Thus, at least 11 vibronic transitions could be assigned in this range. One notes from Figure 11 that the observed vibronic transitions all correspond to the maximum of the FranckÀCondon envelope, meaning that we have not missed too many transitions, although there is a cluster of unresolved bands close to 445 nm, less prominent though in the spectrum of 96 ZrF. This number of origins is sufficient to account for the complexity of the spectrum, although the total number of prominent bands is ∼29. Within these bands there could be some multiplets originating from the 4 Σ À metastable state.
It is clear that no strong local perturbations are noticeable in the rotational spectra, despite the density of quasi-isoenergetic vibronic states. The perturbations must be sufficiently strong to shift or perturb the intensity of vibronic levels as a whole. We have found clear examples: In the 4 Π À1/2 r 4 Σ À transition, four transitions should be accessible from the metastable electronic The Journal of Physical Chemistry A ARTICLE state 4 Σ À . Only the lowest is observed to the lowest energy component 4 Π À1/2 . The three other fine structure components should be accessible since the lower state fine structure levels are almost degenerate, because of their Σ character. It is possible that transition into excited state components that originate from these latter components are perturbed via spinÀorbit interaction by states of the same Ω. There are several of them close in energy. Likely interacting states are shown in Figure 10 by arrows, between for example 4 Π 5/2 and 2 Δ 5/2 v = 3. On the other hand, the 4 Π À1/2 state is peculiar because it has no Ω-symmetry equivalent in the doublet manifold; it should thus remain unperturbed as observed.
Quantum Chemical Calculations, Comparison with
Experiment. The ab initio calculations presented in Section 4 have predicted the symmetries of the three low-lying states of ZrF and their relative energy positions. They firmly support the experimental findings of a 2 Δ ground state and a metastable 4 Σ À first excited state from which most observed transitions occur. Ab initio equilibrium internuclear distances and B e rotational constant values reported in Table 3 match the corresponding values arising from the spectroscopic analysis, since the spectroscopic values are more sensitive to ΔB's than B's. For the 2 Δ state, the B e and R e ab initio values of 0.3031 cm À1 and 1.883 Å, respectively, are in good agreement with the spectroscopic values (B 0 and R 0 ) of 0.3006 ( 0.01 cm À1 and 1.884 Å, respectively (as determined from the spectrum of the 94 ZrF isoptologue). We have replaced equilibrium values B e and R e by B 0 and R 0 , owing to the very small anharmonicity of the vibrations corresponding to deep wells.
As for whether the initial states of the observed transitions lie above 21 000 cm À1 from the ground state, tentative assignment can be made using the results of Table 9 , providing energy windows in which excited states of different symmetries have been located by our exploratory IC-MRCI calculations.
The more intense transition at 23113 cm À1 , spectroscopically identified to be of the type 2 Δ r 2 Δ, can be firmly assigned to the 4 2 Δ r X 2 Δ transition, the upper state being the only state of this symmetry located around 23 000 cm À1 .
The transition at 22944 cm À1 can reasonably be assigned to the 3 2 Φ r X 2 Δ transition, the 3 2 Φ state being calculated at 23 000 cm À1 .
A tentative assignment for the transition at 22 105 cm À1 is more problematic. This transition is also expected to be of 2 Δ r 2 Δ type, but no candidate emerges from our ab initio calculations, the 3 2 Δ state being located far below (16000À 18000 cm À1 ) and the 5 2 Δ state too high. It could eventually be assigned to a 4 ΔÀ 2 Δ transition, where the Ω = 5/2 and Ω = 3/2 components borrow their oscillator strength by spinÀorbit interaction with a 2 Δ state. Quartet transitions have been calculated: the 1 4 Δ from the 3σ 1 1δ 2 configuration and the 2 4 Δ from the 3σ 1 1δ 1 2π 1 one, but the latter 2 4 Δ seems too low, at 19000 cm À1 , to account for this transition.
Transitions within the 4 Σ À manifold can be supported by a tentative assignment of the transition at 23564 cm À1 as 4 4 Σ À r a 4 Σ À . The final state is predicted too high in energy at vertical excitation, i.e., ∼26000 cm À1 , but the adiabatic value is stabilized by ∼1800 cm À1 owing to the larger internuclear distance 2.07 Å of the excited state with respect to the ground state at 1.913 Å. This value is close to the experimental equilibrium geometry (R 0 = 2.06 Å). This gives credence to the present assignment of the excited state of the transition as 4 4 Σ À .
CONCLUSIONS
The only reported observation of ZrF is, to our knowledge, that of Carroll and Daly in 1961. 1 We report here a comprehensive spectroscopic study of the supersonically cooled ZrF radical using a laser ablationÀmolecular beam setup and REMPI in the 400À470 nm domain. Many intense bands are observed, and TOF mass spectrometry has permitted the assignment of an important fraction of these bands through the detection of the five naturally occurring isotopologues of ZrF. An isotopic shift analysis has been performed to identify 0À0 transitions originating from the ground electronic state.
Out of the five band origins identified, the most intense one at 23113 cm À1 is the only one presenting a clear simple RQP rotational structure. Comparison of the observed spectrum with rotational contour simulations reveals that the ground state is of 2 Δ symmetry. Transitions originating from the first long-lived excited state of 4 Σ À symmetry have also been characterized.
These experimental results are supported by extensive ab initio calculations using the MOLPRO quantum chemistry package on the first lowest-lying states of the radical by using an active space that includes the 4p 6 subshell. The calculations confirm that the spectroscopic assignment of a 2 Δ ground state is lower by 2383 cm À1 than the next higher 4 Σ À state. This can be understood through the configuration analysis where the electronic ground state of Zr þ F À is mainly of ds 2 nature (59%) and more stabilized in energy as compared to TiF (ground state 4 Φ). This ds 2 weight is also greater than that for Zr þ Cl À (45%) also with a 2 Δ ground state. Quantum Chemical Modeling calculations support the order of the calculated states as E 2 Δ < E 4 Σ À < E 4 Φ . The configurational analysis, as viewed in a ligand field approach, explains the greater stability of the 2 Δ state due to the Zr þ (5s 2 ) valence shell. There, the F À anion sees an effective 3 þ charge being embedded in the s 2 diffuse outer shell. Also, the equilibrium distance of the X 2 Δ ground state, 1.884 Å, is shorter compared to 1.913 Å for the a 4 Σ À state, as can be predicted from LFT with the 3 þ charge on zirconium in the X 2 Δ state. Thus quantum chemistry and LFT converge to give a simple picture of the electronic distribution of the lowest levels of column IVa transition metals. QCM calculations were also successful in describing excited states involved in the intense 400 nm domain.
The present work confirms the tendency of heavier metals in this column to stabilize the (n þ 1)s 2 configuration. It can therefore be speculated that the HfF radical will also have a 2 Δ ground state. The closed shell nature of the dominant (n þ 1)s 2 configuration also influences the reactivity of 2 Δ radicals such as ZrF, which survives collisions with CH 3 F, explaining their observation in molecular beams. 11 High-level quantum calculations succeed in giving a complete picture of transition metal halides in this column with the gradual (but sometimes surprising) evolution of their electronic configuration with atomic number and halide substitution. 2À5
